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Abstract: The practical application of waste materials such as steel furnace slag (SFS) and 1 
coal wash (CW) is becoming more prevalent in many geotechnical projects. While adding 2 
rubber crumbs (RC) from recycled tyres into mixtures of SFS and CW not only solves the 3 
problem of large stockpiles of waste tires, it also can provide an energy absorbing media that 4 
will reduce vibration and prevent track degradation. Thus the engineering insight into the 5 
effect that rubber crumbs has on the dynamic behavior of SFS+CW+RC mixtures is in urgent 6 
demand. In this study the influence that RC contents and confining pressures have on the 7 
deformation, resilient modulus, damping ratio, and shear modulus was investigated by cyclic 8 
triaxial tests. Test results reveal that with the inclusion of RC the axial strain, volumetric 9 
strain, damping ratio and the energy absorbing capacity of the SFS+CW+RC mixture 10 
increase, while its resilient modulus and shear modulus decrease. Based on these properties, 11 
an amount of 10% RC is recommended as an optimal blended mix to be used as railway 12 
subballast. A 3D empirical model of the relationship between the maximum axial strain, 13 
volumetric strain, and resilient modulus with RC contents and the effective confining 14 
pressure was developed, and the energy absorbing capacity of these waste mixtures has also 15 
been analysed for practical purposes, based on their comprehensive parameters.  16 
KEYWORDS: Steel furnace slag; coal wash; rubber crumbs; cyclic loading; resilient 17 
modulus; damping ratio; shear modulus; energy absorbing capacity  18 
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Introduction  19 
Steel furnace slag (SFS) and coal wash (CW) are waste materials that derive from steel 20 
making and coal mining industries. In the Wollongong region (Australia) alone, the 21 
production of granular waste materials SFS and CW amount to more than 2mt per year 22 
(Chiaro et al., 2015). One of the best ways to deal with the large amounts of SFS and CW 23 
wastes is to reuse them as construction materials in geotechnical projects. However, the 24 
individual detrimental characteristics of these materials, i.e. swelling potential of SFS and the 25 
particle breakage of CW prevent them from being used on its own. 26 
To optimise the geotechnical properties, SFS and CW are usually blended with other 27 
materials prior to their adoption as a structural fill. For instance, 10% Class C fly ash has 28 
been added to steel slag by Yildirim & Prezzi (2015) to serve as landfill. However, Juan et al. 29 
(2011) have mixed steel slag with Portland cement, and Malasavage et al. (2012) have 30 
blended steel slag fines with dredged materials. The steel slag can also be mixed with asphalt 31 
or concrete for practical applications in unbound pavements (Xue et al., 2006). Moreover, 32 
mixtures of SFS and CW prepared at optimal blending ratios have been reported to overcome 33 
their inherent weaknesses, and the SFS+CW mixtures have been successfully used in 34 
practical engineering applications such as port reclamation (Chiaro et al., 2015; Tasalloti et 35 
al., 2015) and landfill projects (Indraratna et al., 1994, Heitor et al., 2016). Despite these 36 
successes, previous studies on the use of SFS and CW have been limited to monotonic 37 
loading conditions. 38 
Another issue concerns the geoenvironmental pollution caused by SFS and CW. Based on 39 
trace element concentration tests, neither coal wash nor steel furnace slag poses any 40 
significant risk of environmental contamination. The commercial use of these engineered fills 41 
above and below the groundwater level has already been approved by the Environment 42 
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Protection Authority of the state of New South Wales (NSW EPA, 2014). Similarly, chemical 43 
test results reported by Lim and Chu (2006) indicate that the heavy metal concentrations 44 
contained in a typical steel slag leachate were significant lower than the threshold toxicity 45 
limits stipulated by the US EPA. 46 
Waste tyres stockpiles can lead to serious environmental problems, especially in developing 47 
countries. The pressing need therefore, from an environmental perspective, is to encourage 48 
the re-use of this waste material in innovative ways. Rubber crumbs (RC) or granulated 49 
rubber from waste tyres has been found to have a low unit weight, high hydraulic 50 
conductibility, high elastic deformability, low shear strength, and high energy absorbing 51 
capacity (Senetakis et al., 2012; Zheng & Kevin, 2000). The relatively high damping property 52 
of rubber materials makes the tyre rubber-soil mixture a promising material for reducing 53 
vibration and noise. Tsang et al. (2012) conducted numerical investigations to examine the 54 
potential of a tyre rubber-soil mixture for seismic conditions. They found this mixture was 55 
able to reduce the vibration efficiently by 40-60%. Other studies have also shown that tyre 56 
rubber-soil mixtures can be considered as an integral part of vibration damping systems for 57 
machine foundations and railroads (Lee, et al., 1999; Li et al., 2016; Zheng & Kevin, 2000; 58 
Sheikh et al., 2013). 59 
The inclusion of RC into SFS and CW extends the application of these waste mixtures into 60 
dynamic loading conditions to reduce vibration, prevent track degradation, and absorb energy, 61 
all due to the high damping ability of rubber. This application means the effect that rubber 62 
has on the dynamic behavior (especially during cyclic loading) of SFS+CW+RC mixtures 63 
must be investigated in depth. Although a number of researches have already examined the 64 
dynamic behavior of rubber-soil mixtures, most of them only focus on small strain behavior 65 
(≤0.1% shear strain) by resonant column tests or shaking table tests (e.g. Senetakis et al., 66 
2012; Zheng & Kevin, 2000; Leo & Mladen, 2003). Such small strains are not directly 67 
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applicable to rapidly densifying granular assemblies under cyclic loading (shear strain > 68 
0.1%). Li et al. (2016) studied the dynamic behavior of rubber-sand mixtures under cyclic 69 
loading, but the level of deformation achieved under a large number of loading cycles, 70 
relevant to transport infrastructure applications, was not considered. Moreover, the study of 71 
the energy absorbing capacity of these mixtures due to the inclusion of RC needs to be 72 
examined in detail based on comprehensive test results. 73 
This paper aims to investigate the influence of rubber crumbs on the deformation behavior, 74 
resilient modulus, damping ratio, and shear modulus under cyclic loading of the SFS, CW 75 
mixtures. Based on the cyclic loading properties of the blended waste mixtures, the potential 76 
use of SFS+CW+RC mixtures as an alternative subballast material to replace traditional 77 
capping materials (i.e. compacted gravels and coarse sands) will be explored. In addition, the 78 
energy absorbing capacity of waste mixtures having different RC contents will be studied 79 
comprehensively.  80 
Laboratory Investigations 81 
Materials 82 
The source materials consist of Dendrobium coal wash from Illawarra Coal and an SFS from 83 
ASMS (Australia Steel Milling Services), respectively. The rubber crumbs were obtained 84 
through shredding of waste tyres and in this study three different sizes (0-2.3mm, 0.3-3mm, 85 
and 1-7 mm) were used. Coal wash is predominantly composed quartz and residual coal, with 86 
illite and kaolinite as the main clay minerals. Trace quantities of calcite, pyrites and sulphur 87 
were also detected in the x-ray diffraction analysis. The chemical composition is given in 88 
Table 1. The CW aggregates compose of both angular and relatively flaky grains, and 89 
typically exhibits dual porosity. The steel furnace slag is composed mainly of metal 90 
 
5 
 
compounds (e.g. Fe2O3, SiO2) and free lime (CaO), and the chemical composition determined 91 
by X-ray diffraction analysis is also shown in Table 2. 92 
The particle size distribution (PSD) curves of SFS, CW, and RC are shown in Fig. 1. The dry 93 
method was used to sieve the oven-dried SFS and air-dried rubber crumbs whereas the wet 94 
method was used for CW. SFS and CW can be classified as well-graded gravel with silty-95 
sand (GW-GM), and well-graded sand with gravel (SW) (unified soil classification system, 96 
USCS), respectively; while the RC can be referred to as granulated rubber (ASTM D6270, 97 
2008). The inclusion of rubber crumbs in this study is limited to 40% by weight (which 98 
corresponds to about 60% by volume), because a rubber content of more than 60% by volume 99 
means the mixtures generally exhibit a rubber-like behavior as the rubber-to-rubber interfaces 100 
develop, and the overall dynamic behavior is mainly controlled by the rubber (Senetakis et al., 101 
2012; Kim et al., 2008). In these cases the mixtures undergo high compressibility and exhibit 102 
a low shear strength which is not recommended for transport applications. Moreover, the 103 
ratio of SFS:CW in this paper is set at 7:3 because there is less particle breakage, less 104 
volumetric expansion, and enough shear strength. 105 
The basic geotechnical properties (specific gravity	G, maximum dry density γ	, optimum 106 
moisture content OMC, and California Bearing Ratio CBR) of SFS, CW, RC, and their 107 
mixtures are shown in Table 3. The basic geotechnical properties of the waste mixtures 108 
indicate that SFS is the heaviest material, while RC is the lightest among the three waste 109 
materials. Therefore, as RC content increases in SFS+CW+RC mixtures, the specific gravity 110 

 as well as the maximum dry density  of the waste mixture decrease. The optimum 111 
moisture content OMC is 11.5-15% for SFS+CW+RC mixtures with SFS:CW=7:3 and 0-112 
40% RC. The soaked CBR value decreases as more RC is added indicating the high 113 
compressibility of rubber materials.  114 
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Specimen preparation and test procedure 115 
To exclude the influence of gradation, all the mixtures tested in this study were mixed to the 116 
same gradation (the target PSD), also shown in Fig. 1. Following a previous study by 117 
Tasalloti et al. (2015), to achieve the target particle size distribution (PSD), the waste 118 
materials were sieved and separated into different particle sizes, and the exact mass 119 
corresponding to a given size range was weighed and mixed thoroughly to obtain a uniform 120 
blend. All the specimens were prepared at the optimum moisture content and compacted to 121 
achieve an initial dry unit weight equivalent to 95% of their γ	 (Table 3) to simulate 122 
typical field conditions of subballast. 123 
A series of stress-controlled drained cyclic triaxial tests were carried out for the 124 
SFS+CW+RC mixtures with SFS:CW=7:3 and different amounts of RC (0%, 10%, 20%, 125 
30%, and 40%) following the procedure suggested by ASTM D5311/D5311M (2013). The 126 
specimens were compacted in three layers and had 50 mm in diameter by 100 mm high. The 127 
maximum particle size of the materials is 6.7 mm, thus the ratio of specimen diameter (50 128 
mm) to the maximum particle size is around 7.5. Previous studies have shown that the 129 
equipment boundary size effects can be neglected when this ratio exceeds at least 6 (Marachi 130 
et al., 1972; Indraratna et al., 1994). In this study, an appropriate range of effective confining 131 
pressure  (i.e. ′	= 10, 40, and 70 kPa) was used to simulate the field conditions of railway 132 
subballast depending on the typical axle loads (heavy haul) and heights of track 133 
embankments in the state of NSW (Indraratna et al., 2007; Indraratna et al., 2011).  134 
Cyclic loading tests were conducted following three stages, i.e. saturation, consolidation, and 135 
cyclic loading. During the saturation stage, the specimens were flooded with de-aired water 136 
and then the back pressure was applied at an increasing rate of 1 kPa/minute until 500 kPa 137 
was reached. This stage was completed when the Skempton’s B-value exceeded 0.98, and 138 
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then isotropic consolidation was carried out until the desired mean effective confining 139 
pressure of 10, 40 or 70 kPa was reached. After consolidation, the cyclic loading stage was 140 
conducted at CSR=0.8 (cyclic stress ratio, Eq. 1), using a loading frequency of  = 5	. 141 
The deviator stress used in this study is governed by ′ and cyclic stress ratio, CSR. For 142 
CSR=0.8, the confining pressures of ′ = 10, 40,	 and 	70	  correspond to deviator 143 
stresses of 16, 64, and 112 kPa, respectively. These values are in conformity with the 144 
observed stress conditions generated in typical freight tracks (Indraratna et al., 2011). 145 
 !"# =

2′
 (1) 
where, CSR is the cyclic stress ratio;  is the peak cyclic axial stress; and ′ is the effective 146 
confining pressure. 147 
The cyclic loading continued for 50000 cycles which is more in line with track inspection and 148 
maintenance schedules of real-life tracks in the state of NSW, Australia. Once the tests were 149 
completed, the sieving procedure was repeated so that the particle breakage incurred during 150 
the cyclic tests could be evaluated. 151 
The resilient modulus %&  is determined by the abovementioned permanent deformation 152 
cyclic triaxial test. To further eliminate any possible influence of the irregularity in loading 153 
happened in the initial stage (Nazzal & Mohammad, 2010; Lackenby et al., 2007), %& was 154 
determined after 1000 cycles where all the specimens reached a constant applied cyclic 155 
deviator stress and over 90% of their permanent vertical strain (Figs. 2a and b). Moreover, the 156 
value of %&  is determined under saturated condition. This is because in Australia, the 157 
magnitude resilient modulus has to meet certain requirements in contractual agreements 158 
because of many low-lying coastal tracks in which the subballast is usually saturated by the 159 
high groundwater table. Some past studies have also saturated the specimens before 160 
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determining the value of MR, e.g. Bian et al. (2016), Lackenby et al. (2007), and Chen & 161 
Indraratna (2015). 162 
Results and Discussion  163 
Axial strain, volumetric strain, and resilient modulus 164 
Cyclic loading test results on the permanent deformation and resilient modulus of the 165 
SFS+CW+RC mixtures are presented in this section. The axial strain with loading cycles can 166 
be used to evaluate the settlement behavior of the waste mixtures under cyclic train moving 167 
loads, and the volumetric strain reflects the changes of void ratio. The resilient modulus can 168 
be computed based on the load-unload hysteretic cycles. 169 
Figure 2 shows a typical hysteretic response of SFS+CW+RC mixtures having different RC 170 
contents tested at ′ = 70	 . From Fig. 2 (a) and (b), it can be observed that the 171 
permanent axial strain increases with the loading cycles but with a decreasing accumulation 172 
rate, while the recoverable axial strain decreases with the loading cycles and becomes much 173 
more stable after 1000 cycles. The maximum deviator stress ',()(  changes with the 174 
development of the axial strain at the beginning of each test. With the increasing of loading 175 
cycles, the maximum deviator stress becomes much more stable as the axial strain tends to be 176 
stable. The hysteretic loops of SFS+CW+RC mixtures having different RC contents at 10000 177 
cycles are shown in Fig. 2 (c), and it is found that the addition of RC significantly influences 178 
the deformation of the waste mixtures. As RC contents increase, the area of the hysteretic 179 
loops increases, and the inclination also increases indicating the recoverable axial strain 180 
increases. 181 
Figure 3 shows the total axial strain *+  and volumetric strain *,  which evolves with the 182 
logarithm of the number of cyclic loading cycles N. As expected, the axial strain *+ increases 183 
 
9 
 
with the effective confining pressure ′  as ',()(  increases (Fig. 3a-c). Further, at the 184 
same effective confining pressure, higher RC contents generate greater total axial strain as 185 
both the permanent axial strain and the elastic axial strain increases (e.g. Fig. 2). In the 186 
context of rail tracks, shakedown of a granular material is a physical phenomenon where 187 
cyclic densification facilitates a relatively stable axial strain after a certain period of time or 188 
number of loading cycles (Indraratna et al., 2011). In Fig. 3 (a-c) it can be seen that at lower 189 
confining pressures e.g. ′ = 10  (',()(  is 16 kPa), all the waste mixtures tend to 190 
achieve relatively stable axial strains or shakedown within about 1000 cycles, and this is also 191 
consistent with the past findings reported by Lackenby et al. (2007) for coarser aggregates. At 192 
higher confining pressures (i.e. 40 and 70 kPa; ',()( are 64 and 112 kPa, respectively) the 193 
waste mixtures with RC ≤ 10% shakedown within 10000 cycles, whereas *+ of those with 194 
higher RC contents continues to accumulate although at a marginal rate. The axial strain of 195 
all the test specimens reported herein attained a relatively stable state approaching 10000 196 
cycles or beyond until the end of testing (Fig. 3a-c).  197 
The volumetric strain *, with the logarithm of cyclic numbers is shown in Fig. 3 (d-e). For 198 
each specimen, during the first 10 cycles, the volumetric strain (*, = *+ + 2*/ ) grows 199 
marginally, which is in agreement with findings for other granular materials (Lackenby et al., 200 
2007; Indraratna et al., 2014). In this region, the axial strain *+ increases (compression) while 201 
the radial strain */  increases (dilation), therefore, the volumetric strain shows little variation. 202 
After 10 cycles, densification starts occurring, *+ continues to increase and */ decreases, thus 203 
*, undergoes rapid compression except for the mixture having 0% RC which begins to dilate 204 
around 5000 cycles (Fig. 3d). Within 10000 loading cycles, the behavior of volumetric strain 205 
observed is consistent with other granular materials (e.g. Bian et al., 2016; Lackenby et al., 206 
2007), but after N=10000 the volumetric strains seem to be governed mainly by RC contents 207 
and the effective confining pressures.  208 
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After 10000 cycles, *, of waste mixtures with RC ≤ 10% stabilises when the specimen is 209 
subjected to the higher confining pressure (40, 70 kPa) and begins to dilate at lower confining 210 
pressure (10 kPa), which is similar to general granular materials (e.g. Bian et al., 2016). For 211 
those waste mixtures with RC>10%, *,  remains increasing at a high rate at ′ =212 
10	and	40 , while at ′ = 70  *, continues to develop but at a declining rate as the 213 
number increases. Except the specimen with 0% RC tested at ′ = 10	 , all the 214 
specimens present a compression behavior, and with the increasing of effective confining 215 
pressures and RC contents, the value of the volumetric strain tend to behave more contractive. 216 
It is understood that rubber crumbs have a lower stiffness compared to the mixtures and they 217 
show a greater compression with the increase in RC contents (Kim & Santamarina, 2008; 218 
Sheikh et al., 2013). Furthermore, with an increased proportion of RC the elastic deformation 219 
within in the rubber crumbs can become increasingly more pronounced at higher load 220 
magnitudes (Sheikh et al., 2013; Zheng & Kevin, 2000). The influence of RC contents on the 221 
dilatancy behavior of the waste mix can be also illustrated by plotting the dilatancy 
01
2
01
3 with 222 
the stress ratio 
4
56
 of SFS+CW+RC mixtures with varying RC contents (Fig. 4). It clearly 223 
shows that increasing the RC content can reduce the dilatancy of the waste mixture. 224 
The resilient modulus %& is a very important parameter in depicting the characteristic 225 
deformation of materials; it can be defined as 226 
 
%& =
∆'()(
*+,/8(
 (2) 
where ∆'()( is the difference between the maximum cyclic deviator stress ',()( and the 227 
minimum cyclic deviator stress '9:,()( , and *+,/8(  is the recoverable axial strain (elastic 228 
axial strain) during unloading. 229 
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Figure 5 shows the variation of %&with the number of cycles for the waste mixtures tested at 230 
different confining pressures (i.e. 10, 40, and 70 kPa). %&  increases with the number of 231 
loading cycles, but then stabilises after a certain number of cycles (N=10000). This is in 232 
agreement with the cyclic behavior of other granular materials (Bian et al., 2016; Lackenby et 233 
al., 2007; and Indraratna et al., 2014). As the confining pressure increases, %&  increases, 234 
possibly because the rubber becomes more compressible under a higher confining pressures 235 
where new particle contacts between stiffer particles (SFS and CW) would form (Li et al., 236 
2016). Similarly, Lee et al. (2007) found that at high confining pressures the rubber-sand 237 
mixtures tend to behave in a more sand-like manner rather than a rubber-like manner. 238 
Furthermore, the %& of the waste mixtures decreases as the amount of RC increases because 239 
the inclusion of rubber crumbs creates more rubber-to-rubber contacts, as well as an increase 240 
in the recoverable axial strain *+,/8( (Senetakis et al., 2012). 241 
Excessive deformation will lead to hazardous impact to a ballast track foundation. The 242 
average axial strain for traditional railway subballast layer is in the proximity of 2% (Teixeira 243 
et al., 2006). The cyclic loading results (e.g. Figs. 3 and 5) indicate that waste mixtures 244 
having RC ≥ 30% , may be unsuitable for subballast design because the inclusion of 245 
additional rubber crumbs leads to an increased permanent deformation and a reduced resilient 246 
modulus. Furthermore, these tests also confirm that mixtures of CW and SFS without rubber 247 
crumbs cannot be used as subballast due to their significantly high dilation characteristics 248 
under relatively low confining pressures (< 40 kPa). Moreover, the resilient modulus for 249 
subballast is expected to be in the range 60-100 MPa when '()( is around 80 kPa (Shahu et 250 
al., 1999), therefore, a SFS+CW+RC mixture with 10% RC offers an optimum mixture for a 251 
subballast capping layer. 252 
Permanent strain and resilient modulus as a function of => (%) and ?′@ 253 
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The effect that rubber crumbs #A (%) has on the cyclic loading behavior of waste mixtures is 254 
best evaluated by plotting the final values of radial strain */ , the axial strain *+ , the 255 
volumetric strain *,, and the resilient modulus %& at 10000 cycles (Fig. 6 and Fig. 7) after 256 
which the trend of the deformation is stable. The dependence that permanent strains (*+ and 257 
*,) and resilient modulus has on RC contents #A (%) and the effective confining pressure ′ 258 
are clearly apparent as described in the previous sections. For the radial strain shown in Fig. 6, 259 
it can be seen that */ increases as #A (%) and ′ increases, and the radial strain at 10 cycles 260 
is greater than that at 10000 cycles, which further explain the development of  the volumetric 261 
strain in Fig. 3(d-f), but the relationship of */ with #A (%) is not as clear. Except the effect 262 
that #A (%) has on */ (Fig. 6), the relationship that #A (%) has on *+, *,, and %& all can be 263 
described by certain functions of #A (%) with a good correlation (Fig. 7). It is noted here that  264 
the empirical equations formulated and given in Fig. 7 are only based on the test results of 265 
SFS+CW+RC mixtures having 0%, 10%, 20%, 30% RC, and the test results of waste 266 
mixtures having 40% RC are considered separately for the purpose of validation. 267 
The relationship that *+, *,, and %& have with RC contents could be presented as (Fig. 7a-c): 268 
 *+ = +(′3) ∗ (#A)
EF(′3), (3) 
 *, =	(′3) ∗ ln(#A) +I(′3), (4) 
 %& = J(′3) ∗ K
EL(′3)∗&M (5) 
where +,  N, , I, J and O are parameters associated with the effective confining pressure, 269 
′. #A is the content of rubber, RC (%). It is interesting to find that the specific parameters +, 270 
N, , I, J and O	all have a linear relationship with ′  271 
 : = k:+ ∙ ′ + k:N (6) 
where R = 1, 2,⋯6, k:+ and k:N are empirical parameters, and the value of k:+ and k:N are shown 272 
in Table 4. Thus by relating the effective confining pressure ′ through Eq. (6), the empirical 273 
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models for axial strain, volumetric strain, and resilient modulus can be developed as 274 
represented by Eqs. (3), (4), and (5). 275 
The 3D-plot of the empirical model prediction (i.e. Eqs. 3-5) and test results of axial strain, 276 
volumetric strain, and resilient modulus at different effective confining pressures and 277 
U = 10000 are shown in Fig. 8 (a-c). Among all these test results, those of waste mixtures 278 
having 40% RC was used only (independent set of data) for validating the model. It can be 279 
observed that the predicted results agree well with the measured data.                                                                                                                             280 
Damping ratio and shear modulus 281 
The shear modulus G and the damping ratio D are the two key parameters needed to estimate 282 
the stiffness and energy absorbing capacity of soil. Damping is the loss of energy within a 283 
vibrating or a cyclically loaded system which is usually dissipated in the form of heat or 284 
breakage for granular materials; it is commonly used to measure the damping capacity for 285 
energy dissipation during dynamic or cyclic loading. The definition of the shear modulus and 286 
damping ratio is presented in the top right corner of Fig. 9 (e); where the area of the 287 
hysteretic loop VN in the shear stress-shear strain plain represents the energy dissipated during 288 
a loading cycle, while four times the area of the triangle V+	is the maximum elastic energy 289 
absorbed during the cycle (Kokusho, 1980). 290 
Fig. 9 (a-d) shows the shear modulus and damping ratio of SFS+CW+RC mixtures 291 
(SFS:CW=7:3) varying with loading cycles. It can be seen that at ′ = 70	  the shear 292 
modulus of the waste mixtures with ≥ 10% RC stays stable during the first 10 cycles and 293 
rises at a reducing rate after 10 cycles showing that the stiffness of the waste mixtures 294 
increases with the contraction of the specimens, while for the waste mixtures without rubber 295 
the shear modulus fluctuates marginally after 10 cycles indicating a stable stiffness of the 296 
waste mixtures without rubber. The shear modulus calculated from the test results of 297 
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traditional subballast (well-graded sand with gravel) tested by Suiker et al. (2005) is also 298 
shown in Fig. 9 (a). The tests conditions were the same with this study except the deviator 299 
stresses applied were different. Here only the tests result of ' = 175	 RW	91	  are 300 
presented. It can be seen that the shear modulus increases as the deviator stress increases, and 301 
thus it can be estimated that when ' = 112	  at ′ = 70	  (same with this study), the 302 
value of the shear modulus of subballast would be similar with SFS+CW+RC mixtures 303 
having 0% RC. Therefore, only the waste mixtures with #! ≤ 10% have acceptable stiffness 304 
comparing with traditional subballast.  305 
Unlike the shear modulus, the damping ratio of the waste mixtures having RC ≥ 10%  306 
decreases with the loading cycles at a decreasing rate and tends to achieve a similar value 307 
after 10000 cycles (Fig. 9c and d). This is because the inclusion of rubber crumbs increases 308 
the area of the hysteretic loop, but as RC contents increase the hysteretic loop becomes more 309 
inclined, which then causes a rapid increase in the area of the triangle V+ (e.g. Fig. 2c), and 310 
this also suggests that the damping capacity of the waste mixtures with ≥ 10% RC is similar 311 
at high loading cycles, while for the waste mixtures without rubber the value of the damping 312 
ratio is stable albeit a little fluctuation after 10 cycles. As with previous studies of rubber-313 
sand mixtures (e.g. Li et al., 2016; Zheng & Kevin, 2000), the shear modulus decreases with 314 
increasing RC contents because of the low stiffness of rubber materials (Fig. 9a), and as the 315 
effective confining pressure increases the shear modulus increases (Fig. 9b). However, the 316 
damping ratio increases with the inclusion of RC contents but decreases with the effective 317 
confining pressure, which is opposite to the shear modulus (Fig. 9c and d). 318 
Fig. 9 (e and f) shows the evolution of the shear modulus and damping ratio with RC contents 319 
and different effective confining pressures at 10000 cycles as the value of shear modulus and 320 
damping ratio becomes stable after 10000 cycles (e.g. Figs. 9 a-d). It can be noted that the 321 
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behavior of shear modulus and the damping ratio is governed by the RC content inside the 322 
SFS+CW+RC mixtures. When #! < 20%, the shear modulus decreases and the damping 323 
ratio increases as RC contents increase, while when #! > 20% both the shear modulus and 324 
the damping ratio change a little indicating that rubber crumbs have formed the skeleton of 325 
the whole specimen and the specimens behave rubber-like. It is worthy to note that when 326 
10% ≤ #! ≤ 20%, only a minor increase happens to the damping ratio with the addition of 327 
RC, thus 10% RC is sufficient for the purpose of energy absorbing. 328 
Fig. 10 (a and b) compares the shear modulus and damping ratio of SFS+CW+RC mixtures 329 
with traditional subballast (after Suiker et al., 2005). It is evident from these plots that RC has 330 
a significant influence on the shear modulus (G) of SFS+CW mixtures and not surprisingly, 331 
G decreases with the increase in rubber contents, RC%. Moreover, G decreases with an 332 
increase in the shear strain irrespective of the magnitude of RC. The variation of G with shear 333 
strain for SFS+CW+RC compares well with the subballast material reported by Suiker et al. 334 
(2005). Fig. 10 (b) also shows the effect of RC on the damping ratio of SFS+CW mixtures. It 335 
is clear from Fig. 10 (b) that damping ratio increases with both RC and shear strain. Two to 336 
three fold increase in damping ratio was observed for the SFS+CW blends with an addition of 337 
10% RC.  338 
It is important to note that the addition of just 10% RC to the SFS+CW mixture has enabled 339 
to produce a sufficient shear modulus, typically required for a subballast material, besides 340 
showing a higher damping property than the mixtures without RC. These results further 341 
strengthen the prospect of this mixture as a suitable alternative material for the subballast 342 
layer in rail tracks.  343 
Energy absorbing analysis  344 
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Fig. 11 illustrates how the total input energy is consumed by the energy absorbing layer 345 
(EAL). Generally, the total input energy cannot be totally absorbed by the energy absorbing 346 
layer (EAL), so part of the total energy will be transferred to the substructure, while the 347 
energy absorbed by the EAL will be dissipated by heat and breakage or turned into 348 
permanent deformation (*+  and *, ). The dissipated energy represented by the area of the 349 
hysteresis loop is due to: (a) the recoverable deformation of particles, (b) the friction of 350 
particles, and (c) particle breakage (Li et al., 2016; Zheng & Kevin, 2000). The recoverable 351 
deformation is reflected by the resilient modulus %&  (e.g. Eq. 2). In the SFS+CW+RC 352 
mixtures, SFS and CW particles barely deform whereas the rubber crumbs deform heavily 353 
and particle deformation can be partially recovered during unloading. The friction of particles 354 
is evaluated by the peak friction angle [′58\ obtained from drained monotonic triaxial tests 355 
(to focus on the cyclic loading results, the monotonic tests are not included in this paper). 356 
Particle breakage mainly occurs to CW particles, and it is evaluated by the breakage index 357 
(BI) which is proposed by Indraratna et al. (2005). 358 
In Fig. 11 the cyclic loading test results are also presented to better illustrate the influence of 359 
the RC content on the energy consumption distribution. For brevity, only the typical case of 360 
′ = 70	  at U = 10000 is described herein, as the results obtained for other confining 361 
pressure levels are similar and the dynamic properties (e.g. strains, resilient modulus, shear 362 
modulus, and damping ratio) of the other SFS+CW+RC mixtures also seem to stabilize when 363 
approaching 10000 cycles. It is found that when the RC content in the SFS+CW+RC 364 
mixtures increases, the energy absorbed by the EAL increases as the area of the shear stress-365 
shear strain triangle increases (Fig. 11a), indicating that less energy will be transmitted to 366 
substructure, but accordingly, the energy results in permanent strains (Fig. 11b) and the 367 
dissipated energy increases (Fig. 11c). The rise in the dissipated energy mainly results from 368 
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the increasing recoverable deformation (%& decreases, Fig. 11d) as the shear strength (Fig. 369 
11e) and particle breakage (Fig. 11f) decrease with the inclusion of RC. 370 
Therefore, it can be seen that more rubber ensures the EAL (SFS+CW+RC mixtures) to have 371 
a higher energy absorbing capacity, less particle breakage, but adverse effects such as higher 372 
deformation, a lower resilient modulus, and less shear strength are also generated. Note also 373 
that 10% of RC already has a promising energy absorbing capacity, damping ratio, and less 374 
particle breakage than the mixtures without rubber, while tolerating an acceptable reduction 375 
in shear modulus and a bit increase in strains, therefore 10% RC is the recommended amount 376 
for the energy absorbing layer. 377 
Conclusions  378 
In this study stress-controlled cyclic triaxial tests were conducted on SFS+CW+RC mixtures 379 
with SFS:CW=7:3, while the RC contents changed from 0% to 40% to investigate how the 380 
amount of rubber would affect the permanent deformation, resilient deformation, damping 381 
ratio, and shear modulus under cyclic loading conditions. The energy absorbing capacity of 382 
these waste mixtures was also analysed based on the comprehensive test results. The 383 
following significant findings were obtained. 384 
• The permanent axial strain and volumetric strain increased with the increasing RC 385 
contents and confining pressures. A 3D empirical model of strains related to the RC 386 
content and confining pressure was developed, and showed a good agreement with 387 
test results. 388 
• The resilient deformation increased with the inclusion of rubber crumbs, but it 389 
decreased as the confining pressure increased reflected by an increase of the resilient 390 
modulus. A 3D empirical relationship was also found for the resilient modulus with 391 
RC contents and confining pressures, and the model matched the test results very well. 392 
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• The addition of RC also caused the shear modulus to decrease and the damping ratio 393 
to increase; this indicated that the stiffness of the waste mixtures decreased, while the 394 
absorbed energy dissipated to heat or breakage became more efficient. It was also 395 
found that the behavior of shear modulus and damping ratio was controlled by the 396 
percentage of the waste mixtures inside the mixtures. The particles that form the 397 
skeleton of the specimens changed from rigid particles (SFS and CW) to RC 398 
gradually as the RC contents increased, and the transition point was around 20% RC. 399 
By comparing the shear modulus with traditional subballast, the SFS+CW+RC 400 
mixture having 10% RC is a promising structural fill to be used as a subballast layer. 401 
• The current test results clearly indicate that continuing to increase the RC content will 402 
not necessarily be beneficial because of the increased compression and reduced 403 
resilient modulus, albeit reduced particle degradation. With the recommended RC 404 
content of 10%, the waste mixture will still retain a sufficiently high energy absorbing 405 
capacity, an adequate damping ratio, an acceptable magnitude of resilient modulus, as 406 
well as significantly reduced particle breakage, thereby offering a competent and cost-407 
effective subballast in lieu of traditional capping materials.  408 
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 580 
Table 1 Typical chemical composition of CW (Blunden & Gray, 2006)  581 
Component Proportion (%) 
Ash 65.6 
Carbon 24.3 
Volatiles 14.4 
Hydrogen 1.9 
Nitrogen 0.55 
Sulphur 0.23 
Phosphor 0.02 
 582 
Table 2 Typical chemical composition of SFS (McCallum, 2005) 583 
Component Proportion (%) 
SiO2 12.5 
Al2O3 2.8 
CaO 38.3 
MgO 9.9 
Fe2O3 30 
MnO 3.7 
TiO2 1.2 
Others 1.6 
  584 
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Table 3 Basic geotechnical properties of SFS, CW, RC and their mixtures 585 
Material SFS:CW RC (%) ]^ 
_`abc 
(de a@⁄ ) 
OMC 
(%) 
CBR 
(%) 
SFS - - 3.43 - - - 
CW - - 2.11 - - - 
RC - - 1.15 - - - 
SFS70+CW30 
7:3 
 
0 2.89 20.30 11.5 58 
SFS63+CW27+RC10 10 2.51 17.57 12.5 43 
SFS56+CW24+RC20 20 2.22 15.50 13 15 
SFS49+CW21+RC30 30 1.99 13.83 14 6 
SFS42+CW18+RC40 40 1.80 12.40 15 4 
The mixtures are expressed as SFS+CW+RC, and the numbers after SFS, CW, and RC are 586 
the percentages of steel furnace slag, coal wash, and rubber crumbs by weight. 587 
 588 
 589 
 590 
Table 4 Value of k:+ and k:N 591 
Parameter 
No. 
ghi ghj 
h = i 1.7 × 10mI 2.28 × 10m 
h = j −4.17 × 10mI 0.283 
h = @ 3.7 × 10mJ 4.8 × 10mI 
h = p 2.1 × 10mI 2.2 × 10m 
h = q 1.639 33.4 
h = r -3.35× 10mI -0.0291 
 592 
